Three different sawdusts obtained as wastes from the furniture and flooring industry were selected to study their influence on coal thermoplastic properties. A bituminous coal with a high volatile matter content was chosen as base coal. To investigate the effect of reducing the oxygen content of the sawdusts upon the coal's properties, the sawdusts were heat treated to 250 °C. Blends of the coal with the three as-received and then heat-treated sawdusts were tested. In order to gain a better insight into the subject, the sawdusts were pyrolyzed at 400 °C to determine the effect of the resulting char and bio-oil upon the plastic properties of the base coal. The Gieseler curves corresponding to the coal-sawdust blends were calculated from the curves corresponding to the coal-char and coal-bio-oil blends. The errors obtained were in all six cases lower than the repeatability allowed by the ASTM standard for the Gieseler test. Considering that the effect of the additives is the sum of both chemical and physical effects, it was possible to evaluate the contribution of each of these to the reduction of coal fluidity. In all cases it was found that the physical effects were more important. The textural properties of the chars obtained at 400 °C from the biomass were found to be important for determining the influence of biomass on the coal fluidity.
Introduction
Integrated Steel works are known to release a large amount of greenhouse gases [1] [2] [3] [4] . This industry consumes a large amount of fossil fuels both as a source of heat and energy and as reducing agent. This double function makes it more difficult to control the use of fossil fuels. One way to reduce CO 2 emissions is to introduce wastes that, at present are incinerated, as a reducing agent in the blast furnace. In fact, waste plastic is nowadays commercially available as a reducing agent [5] in various industrial plants. The introduction of waste plastic in coal blends for use in cokemaking has also been studied in recent years as a way to recycle plastic and to reduce CO 2 emissions [6] [7] [8] . The introduction into coal blends of carbon neutral materials like biomass has also been considered as a viable alternative [2, 9, 10] . In fact different types of additives are commonly employed in cokemaking [11] [12] [13] [14] [15] . These additives include wastes of different origins and with a high carbon content, non-coking coals and bituminous products. Generally speaking the purpose of these additives is to recycle wastes, to reduce costs, to improve coke properties and to exploit other carbon sources that are able to act as reductant in blast furnaces. Considering that the thermoplastic properties of a coal are fundamental for the development of the coke structure and for its final properties, a knowledge of how these properties are modified due to the addition of additives is decisive prior to their use. One of the factors known to affect a coal's thermoplastic properties is the chemical composition of the additive since, the amount of heteroatoms, hydroaromatic and highly condensed aromatic structures present in the reacting media affects the coal's plastic stage. Coal plasticity varies as a function of rank: In low rank coals which soften on heating but do not form anisotropic carbon the high oxygen content increases the reactivity of the carbonizing system giving rise to isotropic structures [16] .
Other studies [17] postulate that the formation of oxygen cross linkages which form during carbonization limit the extent of the thermal depolymerization of the coal, inhibiting the formation of lamellar large enough to maintain the fluidity of the system. Biomass has a high oxygen content which has been considered as a drawback for its use in energy production processes [18] . However, heating biomass to temperatures between 250-300 °C produces a decrease in oxygen content making it more suitable for use in energy production.
The aim of the present work is to compare the effect of the addition of heat-treated and as-received biomass on a coal's thermoplastic properties and to establish the contribution of the char and bio-oil derived from the biomass during carbonization to the global effect of the sawdust.
Experimental

Materials
Three sawdust wastes: SC1 (chestnut), SR1 (oak) and SP1 (pine), from furniture and flooring factories were used as additives. SC1 and SR1 correspond to deciduous wood, while SP1 corresponds to coniferous wood. A coal (G) normally used for metallurgical coke production was selected as the base for the blends. The sawdusts were heated at 5 °C/min up to 250 °C with a soaking time of 30 minutes in a horizontal oven under a N 2 flow of 250 ml/min to avoid oxidation in order to produce samples SC1 250, SR1 250 and SP1 250.
Proximate analyses were performed following the ISO562 and ISO1171 standard procedures for volatile matter and ash content, respectively. The elemental analysis was determined with the aid of a LECO CHN-2000 for C, H and N, a LECO S-144 DR for sulphur and a LECO VTF-900 for the direct determination of oxygen.
Thermogravimetric analysis (TG/DTG).
The TG/DTG analysis of the coal and the sawdusts as-received and heated to 250 °C were carried out using a TA Instruments SDT 2960 thermoanalyser. Samples of 10-15 mg with a particle size of < 0.212 mm were heated to 1000 °C at a rate of 3 °C/min under a nitrogen flow of 100 ml/min. From the data obtained by thermogravimetric analysis the volatile matter evolved up to a specific temperature (VMT) and the derivative of the weight loss curve (DTG curve) was calculated. The volatile matter evolved in a specific temperature range was calculated as the difference between the volatile matter evolved up to two specified temperatures (VMT1-T2). In addition, Tmax, the temperature of maximum volatile matter evolution was derived from the TG/DTG curves [19] .
Assessment of coal thermoplastic properties
The thermoplastic properties of the base coal and of the blends containing 2 wt% of each of the sawdusts were measured by means of the Gieseler test (ASTM D2639-74).
Sawdust and chars with a particle size lower than 0.425 mm were added. The sample was heated at 3 °C/min up to a final temperature of 550 °C, while a constant torque was applied to the stirrer inside the crucible containing the sample. The spin rate of the stirrer was measured continuously until it stopped. The parameters derived from this test were: (i) softening temperature, Ts; (ii) the temperature of maximum fluidity, Tf; (iii) resolidification temperature, Tr; (iv) plastic range, Tr-Ts, which is defined as the difference between the resolidification and softening temperatures; and (v) maximum fluidity, MF, expressed as dial divisions per minute (ddpm).
Pyrolysis of the sawdusts
A sample of 6-8 g was heated in a horizontal electrically-heated oven at 5 °C/min to a final temperature of 400 °C. After pyrolysis, the liquid products were collected using an icecooled trap and recovered by solvent extraction with dichloromethane (DCM). The char and liquid product yields were calculated as the weight percentage relative to the starting material and the gas yield was calculated by difference.
Textural characterization
The particle size used for the determination of the porous structure of the chars produced at 400 °C was lower than 0.212mm. The true density (ρ He ) of the chars was 
Results and discussion
Main characteristics of the materials used
The results of the proximate and elemental analyses of the raw materials i.e. the base coal, the three sawdusts as-received and the heat-treated sawdusts have been included in Table 1 . The coal presents a high volatile matter content (i.e. 32 wt% db and 8.3 wt% db). On the other hand the sawdusts have a higher volatile matter and lower ash content. The sulphur content of the biomass is very low. These two characteristics i.e. low sulphur and ash contents are beneficial for coking blends. Heat treatment of the biomass produces a decrease in the volatile matter content which has been reported [20] [21] [22] to be due to the decomposition of some reactive components of the hemicellulose. The carbon content increases due to the heat treatment while N, H and S undergo only slight variations. In agreement with the results of other authors [22, 23] , the most significant variation corresponds to the oxygen content due to the evolution of CO and CO 2 . The highest reduction corresponds to SC1 and represents a 36% decrease. According to the results of the elemental analysis, the C/H and C/O atomic ratios increase due to the heat treatment.
These effects are considered as positive for their use in coking blends. Figure 1 shows the devolatilization profiles corresponding to the as-received (AR), the heat-treated sawdusts (HT) and the coal. The thermal decomposition of SC1, SR1 and SP1 clearly show three different steps: the first one corresponding to the decomposition of hemicellulose in the temperature range between 200 and 300 °C; the second one corresponding to the decomposition of cellulose in the temperature range between 275 and 350 °C; and the last one corresponding to the decomposition of lignin. The lignin decomposes over a broad temperature range between 280 and 500 °C with the maximum rate at around 400 °C [24, 25] . Whereas hemicellulose and cellulose present a high devolatilization rate over a narrow temperature range, the thermal decomposition of lignin takes place over a wider temperature range that commences at a lower temperature than cellulose. The coal loses most of its volatile matter in the range between 400 and 500 °C.
Devolatilization behaviour of the raw materials
Heating the biomass to 250 °C gives rise to the decomposition of its hemicellulose which is apparent in Figure 1 because the first devolatilization step disappears in the curve corresponding to SC1 250, SR1 250 and SP1 250. This process involves the evolution of H 2 O and carbon oxides (CO and CO 2 ) and is reflected in the elemental composition of the heat-treated biomass (Table 1) . Studies carried out [26] on the pyrolysis of the three main components of wood (i.e. hemicellulose, cellulose and lignin) are in agreement with the results of this work which shows that hemicellulose is the first to decompose, this occurring at a low temperature whereas the decomposition of cellulose occurs between 315 and 400 °C. Lignin decomposition occurs between ambient temperature and 900 °C. The parameters derived from the thermogravimetric analysis have been included in Table 2 . The decomposition of hemicelullose takes place at 267 and 266 °C for SC1 and SR1, while in the case of SP1 it occurs at a slightly higher temperature 302 °C. The same occurs in the decomposition of cellulose and lignin which takes place at a slightly higher temperature for SP1 than for the deciduous woods. As expected, the volatile matter evolved up to 300 °C decreases with sawdust heat-treatment and is accompanied by an increase in the volatile matter evolved in the range where the coal evolves most of its volatile matter i.e. between 400-500 °C, which increases the possibilities of interaction. The char yield also increases especially in the case of SR1 and SP1.
Influence of biomass on coal thermoplastic properties
One of the most important properties of coal in relation to coking is the plastic stage.
Consequently the influence of any additive on a coal's thermoplastic properties must be tested before it is used in coking blends. In a previous study [27] the variation of coal thermoplastic properties due to the addition of 2 and 5 wt.% of sawdust was studied with coals of 18 and 23 wt%.db volatile matter content. The results showed that a 2 wt.% addition produced a decrease in fluidity of between 40 and 50 % depending on the sawdust and the type of coal and that 5 wt.% produced a decrease of between 70 and 85 %. For this reason a high fluidity coal was chosen for the present study and only a 2 wt.% level addition was applied. The addition of the heat treated sawdust to the coal produced in both cases a greater reduction than that of the non-treated sawdust. In other words the effect of the sawdusts which have been heat treated was more deleterious than the original sawdust. The deleterious effect of heteroatoms like oxygen for the development of a coal's thermoplastic properties is well-known [16, 28] . The softening of coal has been related [28, 29] to a physical melting process without involvement of the covalent network. Increasing the temperature initiates the rupture of carbon/carbon bonds which leads to the formation of the plastic phase.
This system needs to be stabilized with the help of hydrogen transfer reactions.
Condensation of the free radicals formed will lead to the formation of a semicoke. These condensation reactions may be retarded by the presence of large quantities of polycondensed aromatic structures that help to stabilize the free radicals formed. On the other hand the presence of heteroatoms in the system will lead to higher reactivity, quicker condensation and lower fluidity. The presence of oxygen affects aromatization processes because oxygen is an initiator of the formation of activated centres for cyclization and the consecutive cyclization of these centres is inhibited by oxygen because of enchanced activation energy [30] . In the present case the reduction of the amount of oxygen in the additive was not decisive. It must be borne in mind that HT sawdusts still contain a high percentage of oxygen in the range between 28 and 35 wt.%db. Nevertheless it should be remembered that heat-treated samples evolve a greater percentage of its volatile matter during the coal plastic stage (Table 2 ) so that there is more possibility they will interact with the volatiles evolved from the coal. It was established that the diminution of oxygen content due to heat-treatment of the sawdust does not lead to a less deleterious effect on coal plasticity.
The effect of carbonaceous additives on coal plastic properties can be considered a combination of two factors: on the one hand, the chemical interaction between the coal devolatilization products and the volatiles evolved by the additives during heating and on the other, the physical adsorption by the additive of the products responsible for the thermoplasticity of a coal. The inert additive that is blended with the softening coal may have the effect of reducing fluidity by adsorbing the primary decomposition products that act as coal plasticiziers [29, 31, 32] .
To clarify the chemical and physical implications of the results obtained, the sawdust was pyrolyzed to 400 °C and the char and bio-oil produced were recovered to see the effect of adding of these two products, separately, upon the coal's plastic properties. A temperature of 400 °C was chosen because this is the temperature at which the coal starts to soften. Figure 3 shows the mass balance corresponding to the pyrolysis of the three sawdusts as-received and heat-treated to 250 °C. In the case of the as-received sawdust the highest yield corresponds to bio-oil. The behaviour of the three sawdusts is similar although SP1 produces a lower amount of char. In contrast the heat-treated biomass produced char as a major product of pyrolysis, the yield of bio-oil being lower than in the case of the asreceived sawdust. The yield of gas was slightly lower for heat-treated samples. The amount of char that is present with the coal when it reaches its softening temperature i.e. 400 °C is higher in the case of heat-treated sawdust for the same level of addition to the coal. It is also higher for SC1 and SR1 than for SP1.
Blends of coal G containing 2 wt.% of the char and the bio-oil obtained at 400 °C from the as-received and the heat-treated sawdust were prepared and their fluidity compared to that of G. All the additives produced a decrease in maximum coal fluidity. The loss is shown in Figure 4a for the as-received samples and in Figure 4b for the heat-treated ones. It is clear from the graphs that in both cases (i.e. the as-received (AR) and heat-treated (HT) samples), the effect of the sawdust is greater than that of the char or the bio-oil. In fact, the maximum fluidity loss due to the effect of the bio-oil is very low, around 10 % for the AR sawdust and between 10 and 20% for the bio-oil derived from the HT sawdusts. The heat treatment of sawdust to 250 °C mainly produces the decomposition of hemicellulose which involves the loss of compounds such as water, methanol, formic and acetic acids [33] . Non-condensable products are also evolved. These include carbon dioxide, carbon monoxide and smaller amounts of methane [34] . The bio-oil from the heat-treated samples contains a lower amount of water and volatile compounds. Consequently the possibility of interaction with the coal will be higher making its effect more deleterious. The effect of the addition of the char obtained at Gieseler curve corresponding to G+2bio-oil as in Equation [2] .
where F(G2Si) is the Gieseler curve of each blend G with 2wt.% of sawdust, DF (G2Char i ) and DF(G2bio-oil i ) are the diminution of Gieseler fluidity of coal G due to the addition of the char and bio-oil obtained from pyrolysis at 400 °C from each sawdust AR and HT respectively. Table 3 It is clear from the parameters that the contribution of the char is higher than that of the biooil and in the case of the HT samples the contribution to the decrease in maximum fluidity is even higher. Table 3 also includes the experimental and calculated values of the maximum fluidity (MF) of the blends. Differences lower than 4 % between the experimental and calculated MF are obtained for the AR samples, while in the case of the HT sawdusts greater errors were obtained specially in the case of SP1-250 and SR1-250 (7 and 9 % respectively). Figure 6 shows the comparison between the experimental and calculated Gieseler curves.
In a previous research work [32] the importance of the textural characteristics of various additives that had been thermally treated to 900 °C to avoid interaction between the volatile matter evolved by the additive during co-carbonization was studied and compared with the effect of the whole additive. In the present study it appears that it is the physical effect of the additive (i.e. the presence of a material which has already lost most of its volatiles) which is the important factor. This heat treated material may reduce coal fluidity by absorbing the small-molecular-mass compounds produced when the coal is heated to over 400ºC and which are responsible for the softening and melting of the coal. To corroborate this finding, the chars400 were studied in greater depth. Their textural characteristics were determined by means of He and Hg pycnometry ( Table 4) . The values obtained for the true density do not show important differences due to thermal treatment. As for the different types
of biomass it appears that the true density of pine sawdust is greater than that of the other two. The values of the apparent density are much lower than those of the true density, indicating a highly porous structure. Thus the porosity values vary between 61 and 66 %.
Although the differences are small they are significant enough to suggest that heat treatment induces an increase in porosity. The results of this study corroborate those of a previous paper [32] that chars with a higher porosity induce greater reductions in coal fluidity.
Conclusions
The elemental composition of the additives used in blends with coal for cokemaking, especially the amount of heteroatoms, is known to be important in determining their effect on coal thermoplastic properties due to their influence on the reactivity of the reaction media. In the present study three different sawdusts were found to produce a drastic reduction in fluidity even at 2 wt.% addition. The sawdusts were subjected to thermal treatment to reduce their oxygen content and this led to a even greater decrease in coal fluidity. Considering that the effect of the additives is the sum of chemical and physical effects, it was possible to evaluate the contribution of each of these effects to the reduction of coal fluidity. In all cases it was found that the physical effects were more important. In addition it was confirmed that porosity as determined by He and Hg pycnometry is an important parameter for determining the influence of additives on coal fluidity. 
